INTRODUCTION
Although there are some significant differences in the way a wound heals in various organisms, and at different developmental stages, tissue repair generally takes place following a well-described series of overlapping steps (Martin, 1997; Gurtner et al., 2008) . Haemostasis is the earliest event to occur after tissue damage and limits blood loss by forming a temporary plug to re-establish a barrier between internal tissues and the environment. Subsequently, the wound inflammatory response results in first neutrophils and then macrophages being drawn to sites of tissue damage, where they kill any infecting microbes and clear away cell and matrix debris. Furthermore, these innate immune cells release a battery of growth factors and cytokines that act on neighbouring cells and tissues in ways that can be both beneficial and detrimental, for example leading to formation of a collagenous scar at the healed wound site (Stramer et al., 2007) .
Long known to be associated with tissue repair and scar formation is the process of wound hyperpigmentation. This is commonly observed in minor inflammatory conditions such as acne but can also be seen in fibrotic wounds and lesions (Halder and Nootheti, 2003; Cayce et al., 2004; King et al., 2005; Coley and Alexis, 2009 ). This wound-associated pigment disorder is most apparent in people with a dark complexion, but also occurs in people with pale skin (Halder and Nootheti, 2003; Coley and Alexis, 2009) ; currently, however, little is known about the cells and molecular signals that might drive wound hyperpigmentation.
We wondered whether wound hyperpigmentation might be a downstream consequence of the wound inflammatory response; here, we investigate this possibility in zebrafish, for which much is known about pigment cell development and migration (Parichy, 2006; Kelsh et al., 2009) . In zebrafish, as in all other vertebrates, melanocytes develop from precursor melanoblasts, which are neural crest derivatives (Kelsh et al., 2009) . As larval development proceeds, melanoblasts commence migration with their pathways influenced by guidance cues, including sdf-1, and eventually differentiate into melanocytes (Kelsh et al., 2000; Svetic et al., 2007) . Stripes begin to form in the head region and subsequently extend in an anteroposterior manner. Once established, the larval pigment pattern will prevail until 14 days post-fertilisation (dpf) when the fish morphology changes from larval to juvenile during metamorphosis, and the adult stripe pattern is defined (Kelsh, 2004; Kelsh et al., 2009) .
Zebrafish larvae have also become a well-established model in which to track the recruitment of immune cells to a wound or in response to early transformed cells (Cvejic et al., 2008; Mathias et al., 2009; Feng et al., 2010; Gray et al., 2011) . In this study, we use live-imaging techniques to reveal the relationship between innate immune cell recruitment to wounds and the subsequent recruitment of melanoblasts and melanocytes. We show that relatively large or chronic wounds trigger recruitment of pigment cell lineages in both larvae and adults, which leads to hyperpigmentation, and that this process is associated with, and dependent on, the preceding inflammatory events.
SUMMARY
In humans, skin is the largest organ and serves as a barrier between our body and the outside world. Skin protects our internal organs from external pathogens and other contaminants, and melanocytes within the skin protect the body from damage by ultraviolet light. These same pigment cells also determine our skin colour and complexion. Skin wounding triggers a repair response that includes a robust recruitment of inflammatory cells, which function to kill invading microbes and clear away cell and matrix debris. Once at the wound site, these innate immune cells release a barrage of cytokines that direct the activities of other cells during the repair process. Tissue damage and repair also frequently lead to alterations in skin pigmentation, in particular to wound hyperpigmentation. In this study, we describe a model of wound hyperpigmentation in the translucent zebrafish larva, where we can live-image the recruitment of melanocytes and their precursors, melanoblasts, to the wound site. We show that these pigment cells are drawn in after the initial recruitment of innate immune cells and that the inflammatory response is essential for wound hyperpigmentation. This new model will allow us to uncover the molecular link between immune and pigment cells during tissue repair and to screen for potential therapeutics to dampen wound hyperpigmentation. 
RESULTS
Larger or more persistent wounds in both larval and adult zebrafish can trigger wound hyperpigmentation Our intention was to characterise the dynamic behaviour of melanocytes after tissue damage in order to capture the process of wound hyperpigmentation. We made several types of wound in larval and adult fish (Fig. 1A) : larvae either received a puncture wound made with a tungsten needle or they received the same puncture wound prior to implantation of a bead beneath the flank skin. In adult fish, we made incisional wounds to their flanks using a scalpel. The small tungsten needle wounds in larval skin healed very rapidly, as previously described (Cvejic et al., 2008) , and never resulted in recruitment of melanocytes to the wound (Fig. 1Bi ) (0/30 wounds became pigmented, i.e. 0%). However, larger fin wounds made by nicking the tailfin with a tungsten needle (14/30 wounds became pigmented, i.e. 47%) or, more consistently, bead implants in 48-hpf zebrafish larvae resulted in a reproducible and time-dependent migration of melanocytes to the wound, resulting in long-lasting tissue hyperpigmentation (Fig. 1Bii ,Biii,C-F) (36/40 wounds became pigmented, i.e. 90%). Usually, by 16-20 hours post-implantation (hpi) we observed one to three melanocytes drawn to, and occasionally in direct contact with, the implanted bead. By 24 hpi, the wound area was usually heavily pigmented (Fig. 1D ,G-I; supplementary material Movie 1). Melanocytes remained in close contact with the bead for several days (longest time observed being 7 days; not shown) following implantation (Fig. 1E,F) .
Incisional wounds in the flanks of adult zebrafish heal with a considerably longer time-course than larval wounds and they also become hyperpigmented (Fig. 1J-L) . As with the larval bead wounds, melanocyte recruitment to adult wounds was not immediate; rather, their migration commenced about 12 hours after the initial tissue damage, which resulted in the wound being invaded by a significant number of melanocytes in the subsequent few days (Fig. 1J) . Hyperpigmentation of these wounds persisted for at least several weeks after wounding and seemed not to diminish in those individuals that we kept on for longer times. Very clearly, the wound-recruited melanocytes did not 'obey' adult stripe territory boundaries: we saw many instances where melanocytes invaded the wound site between striped regions of skin (Fig. 1K ). This interstripe hyperpigmentation persisted long after the wound had healed, frequently leaving the fish with a dark scar along the full length of the repaired wound (14/22 fish developed a pigmented scar, i.e. 64%) (Fig. 1L ).
Dynamic studies reveal how both immature melanoblasts and differentiated, pigmented melanocytes migrate to the wound Two possible events could lead to hyperpigmented wounds: the local migration of melanocytes or the migration of melanoblasts, which subsequently differentiate into mature pigmented melanocytes. To analyse this further, we used live-imaging over a 48-hour period following wounding of zebrafish larvae expressing the mitf:Gal4-UAS:mCherry transgene , which recapitulates endogenous mitf expression (Lister et al., 1999) , to reveal melanoblasts. Although recent lineage-tracing experiments revealed overlap of iridophore and melanoblast markers early in zebrafish development (Curran et al., 2010) , the number of double-positive cells (for iridophore-and melanoblastspecific genes) was very low (between 3 and 8%) at 48 hours, when we perform our bead implant, encouraging us to believe that here we are looking largely at melanoblast migration. Migration of mature melanocytes can be imaged by virtue of their inherent pigmentation and we estimated their migration speed to be around 0.01 μm/minute. Our movies reveal the much faster melanoblasts as they migrate towards the wound at a speed of ~1 μm/minute after an initial lag phase of 2-3 hours post-wounding ( Fig. 2A-D ; supplementary material Movie 2). Generally, by 3 hours the first cells have arrived at the wound and by 6 hours there are two or three melanoblasts clustered around the bead. Although some melanoblasts migrated from as far away as 200 μm distant from the wound ( Fig. 2E-H ; supplementary material Movie 2), other much closer melanoblasts failed to respond at all, suggesting a heterogeneity of responsiveness to wound signals amongst this population of cells that might be explained by a variable differentiation status of the melanoblasts (Kelsh et al., 2000) . Migrating melanoblasts exhibited an amoeboid-type motility, as described for migrating Dictyostelium cells (Insall and Machesky, 2009 ) and for leukocytes as they migrate towards a wound (Herbomel et al., 1999; Cvejic et al., 2008) (Fig. 2E-H ; supplementary material Movie 3). Just as for melanoblasts, not all nearby melanocytes are responsive to the wound. However, we did also observe some smaller, pigmented melanocytes, originating from the horizontal myoseptum pigment stripe, drawn towards the wound site (Fig. 2I-N) . These smaller melanocytes, which might be recently differentiated (Kelsh et al., 2009) , also attempted to wrap
TRANSLATIONAL IMPACT Clinical issue
Hyperpigmentation occurs when the skin affected by an inflammatory disorder (such as acne) or the scar left after a wound (for example, a deep cut or burn injury) remains more pigmented than the normal surrounding skin. Variations in skin pigmentation can be disfiguring if they occur on the face or forearms, and can cause psychological distress. There are no good medical treatments that prevent wound hyperpigmentation, or that reduce pigmentation after a wound has healed. Understanding the causes of wound hyperpigmentation could help in developing new therapies. In addition, some melanocytic lesions have been associated with melanoma, so increased understanding of wound hyperpigmentation might also have implications for skin cancer research.
Results
In this paper, the authors used zebrafish to establish a model in which wound hyperpigmentation could be visualised in real time in a live organism. They use several wounding strategies in larval and adult zebrafish to show that large (but not small) wounds result in hyperpigmentation owing to the recruitment of pigment cells (melanocytes). They found that both differentiated melanocytes and their undifferentiated precursors (melanoblasts) migrated to the wound. Live imaging revealed sequential recruitment of innate immune cells (neutrophils and, later, macrophages), followed by melanocytes. By depleting innate immune cells in zebrafish larvae, the authors showed that melanocyte recruitment and the overall wound hyperpigmentation response depends on the inflammatory response.
Implications and future directions
These results establish a model for examining cellular mechanisms of wound hyperpigmentation in vivo. The power of currently available imaging and genetic approaches in zebrafish means that this model can be applied to further dissect the wound healing response at the cellular and genetic level.
Wound hyperpigmentation in zebrafish RESEARCH REPORT around the implanted bead ( Fig. 1; Fig. 2K-N ; supplementary material Movie 4).
To experimentally test which of melanoblasts or melanocytes most significantly contribute to wound hyperpigmentation, we treated larvae with PTU (phenylthiourea), which blocks melanin synthesis, during the period post-wounding (Fig. 2O-R) . If immature melanoblasts migrating into the wound make a significant contribution to the subsequent hyperpigmentation of wounds by rapidly differentiating on site into melanocytes, then PTU treatment to block melanin synthesis should largely prevent wound hyperpigmentation. After treating fish with PTU at the time of bead implantation and monitoring wound pigmentation for several days (only 24-hour results are shown), we saw no difference between untreated and PTU-treated fish (Fig. 2P,R) (18/21 PTU treated wounds become pigmented, i.e. 86%). This experiment suggests that, at least at the earliest wound stages, hyperpigmentation is a direct consequence of migration by differentiated melanocytes.
Innate immune cells precede pigment cell migration to the wound
We observed that only a significant lesion in larvae or adult fish triggers wound hyperpigmentation (Fig. 1) . Because inflammation plays a crucial role in wound healing and is significantly reduced in small, rapidly healing wounds, we wondered whether this might be the link between tissue damage and wound hyperpigmentation, with immune cells being responsible for drawing pigment cells to wounds. Previous experiments using lysC:GFP ( Fig. 2A-D) and lysC:DsRed (Fig. 2I-N ) transgenic fish to reveal neutrophil wound influx (Hall et al., 2007) , indicated that neutrophils are recruited to the wound site a few hours before we see melanoblast and melanocyte migration. The earliest neutrophils were recruited from about 10-15 minutes post-wounding, with numbers peaking after about 1 hour, whereas the earliest melanoblasts observed in our movies arrived after 3 hours ( Fig. 2A-D ; supplementary material Movie 2). To further verify this, we implanted beads in mpo:GFP fish, again revealing neutrophils (Renshaw et al., 2006) , and fixed and immunostained for the pan-leukocytic marker L-plastin (Redd et al., 2006) at different times following bead implantation (Fig. 3A-E) . The time-course confirmed that neutrophils are the first of the innate immune cell lineages to arrive at the wound site, followed by macrophages, with these two lineages peaking at 3 and 6 hpi, respectively (Fig. 3B,C) . As expected, considerable numbers of innate immune cells were still present at the wound site at 12 and 24 hours post-wounding, suggesting that our bead implant is indeed triggering an extended inflammatory response, much like a chronic showing the wounding procedures used in this study. In zebrafish larvae, a small wound was made using a tungsten needle and then a bead was implanted through this wound into the muscle beneath the skin. In adults, a full thickness incisional wound through all skin layers was made on the fish flank using a scalpel. (B)A small needle wound to larval flank does not lead to melanocyte recruitment (Bi), whereas a wound resulting from the implantation of a bead (white asterisk) recruited melanocytes by 24 hpi (Bii). A large larval fin wound generally draws melanocytes to the site of tissue damage by 9 hours after wounding (Biii; red dashed line highlights the wound site). Wound hyperpigmentation in zebrafish RESEARCH REPORT wound (Fig. 3D,E) (Eming et al., 2007) . We saw a much more transient inflammatory response when there was no bead and instead just a small puncture wound which, in turn, failed to trigger hyperpigmentation at the wound site (data not shown).
Wound hyperpigmentation is dependent on the inflammatory response
Because the inflammatory response to an implanted bead precedes the recruitment of pigment cells, it is possible that the same signals that draw immune cells to wounds might also be guiding the slower moving pigment cells, but it could also be that melanoblasts and melanocytes are secondarily responding to attractants released by the innate immune cells. To distinguish whether tissue damage signals are directly recruiting melanoblasts or melanocytes, or whether this is a secondary, inflammatory cell-mediated effect, we injected pu.1 morpholino (MO) or a combination of pu.1 and gcsfr morpholinos (same result, but data not shown) into one-cell-stage embryos to prevent the development of neutrophils and macrophages, and subsequently grafted beads into the flanks of these larvae (Rhodes et al., 2005; Liongue et al., 2009) . Normally, the bead implant triggered wound pigmentation from 16-24 hours post-wounding, with one to four melanocytes around the bead ( Fig.   1; Fig. 4B ), and subsequently the wound became more pigmented as melanocytes got closer to the bead at 48 hpi (Fig. 4C) . In innate immune cell-depleted larvae, we generally saw no recruitment of melanocytes towards the bead even at 24 hours post-wounding (Fig.  4F ) (21/26 morphants showed no wound pigmentation, i.e. 81%). The fact that not all morphants showed a reduction in wound pigmentation could be attributed to the varying extent of gene knockdown in individual fish. After a further 24 hours, leukocytedepleted larvae showed significantly delayed and reduced wound pigmentation compared with control fish (Fig. 4 , compare C with G). Live imaging of mitf:GAL4-UAS:mCherry morphants (pu.1 MO) exhibited no recruitment of melanoblasts to the implanted bead (data not shown). Although these observations could be explained by our morpholino blocking a low level of pu.1 in pigment cells, pu.1 is generally considered to be uniquely expressed by haematopoietic tissues and so it is much more likely that the lack of wound pigmentation in our pu.1 morphants was due to the absence of innate immune cells (Tondravi et al., 1997; Martin et al., 2003; Rhodes et al., 2005) . This transient genetic blocking experiment suggests that innate immune cells and the wound inflammatory response are a necessary trigger for recruitment of melanoblasts and melanocytes to sites of tissue damage. But what Wound hyperpigmentation in zebrafish RESEARCH REPORT might the immune cell attractant to pigment cells be? One candidate regulator of pigment cell behaviour at wounds is stromal cell derived factor-1 (sdf-1), which is a guidance cue for pigment cells as they developmentally disperse; indeed, abnormal expression patterns of sdf-1a lead to an altered pigment pattern in the choker zebrafish mutant (Svetic et al., 2007) . However, our preliminary experiments using the sdf-1 signalling inhibitor drug AMD3100 did not block wound hyperpigmentation (21 of 27 wounds in treated fish became hyperpigmented, i.e. 78%; Fig. 4 , compare J with L). Thus, sdf-1 does not seem to be a major player in melanocyte recruitment following wounding.
DISCUSSION
In this paper, we describe a new model for live-imaging and genetic dissection of the wound hyperpigmentation response in zebrafish larvae. A similar response is seen in adult fish and might also be widely conserved across phyla because insects develop a melanised clot following wounding (Galko and Krasnow, 2004) , and hyperpigmentation is commonly seen following various skin damage and healing responses in humans (Ruiz-Maldonado and Orozco-Covarrubias, 1997; Galko and Krasnow, 2004) . This response might have been evolutionary conserved because of the protective role that melanin and its derivatives play against UV in damaged tissues, but also because pigment cells might play an antimicrobial role at the wound. In Drosophila, a specialist haemocyte, the crystal cell, releases a cocktail of enzymes at the site of a wound, which trigger tissue melanisation and encapsulation of invading microbes (Galko and Krasnow, 2004; Bidla et al., 2007) . The by-products generated during melanin synthesis in human skin are known to be highly oxidative and toxic for bacteria in ways that are related to the defence system used by plants (Mackintosh, 2001; Chisholm et al., 2006) . These potential roles for pigment cells at the wound site are amenable to testing in our zebrafish model.
In some human inflammatory conditions, the signals released by skin keratinocytes and leukocytes have been shown to stimulate melanocytes to produce more melanin and become more dendritic (Hara et al., 1995; Scott et al., 2004) . However, recently a clinical study has hinted that the wound environment triggers directed migration of melanocytes to the wound site (Sugata et al., 2008) . Our own studies in zebrafish provide clear evidence for migration of melanocytes and their precursors, melanoblasts, to the wound and, moreover, indicate that this is a direct consequence of signals from the earlier recruited innate immune cells. The molecular nature of these signals is not yet clear but we have ruled out one Wound hyperpigmentation in zebrafish RESEARCH REPORT potential candidate, sdf-1a, which plays a clear role in guidance of pigment cells during development to define a stripe pattern. Our results also highlight a threshold inflammatory influence, whereby only if the wound is relatively large or long lasting (chronic) will there be a hyperpigmentation response; a deeper understanding of what defines this threshold will be of major clinical relevance. Our findings that innate immune cells are instructive to pigment cells at the wound site adds to the list of cell lineages that inflammatory cells regulate during the repair process (Eming et al., 2007; Stramer et al., 2007) . Wound pigmentation is a major clinical problem that can greatly affect the life of a person by altering his or her appearance, and often causes considerable psychological distress (Brown et al., 2008) . Aside from aesthetic considerations, it is known that melanocytic lesions can also lead to melanoma (Sina and Goldner, 1990 ). Our new model of wound hyperpigmentation in zebrafish will allow live-imaging and further genetic dissection of this process and is amenable to genetic and/or small molecule screens that could lead the way to therapeutics for altering pigment responses to tissue damage.
MATERIALS AND METHODS Zebrafish strains and maintenance
Adult zebrafish (Danio rerio) were maintained and crossed as described (Westerfield, 1993) . Strains used included LonAB and SAT (Sanger AB Tübingen, obtained from the Sanger Institute, Hinxton, UK), Tg(mpx:eGFP)i113 (also called mpo:GFP; originally obtained from Stephen Renshaw, University of Sheffield, UK), and Tg(mitf:Gal4VP16-UAS:mCherry) (obtained from Adam Hurlstone, University of Manchester, UK). We crossed the Tg(mitf:Gal4VP16-UAS:mCherry) line with Tg(lyz:eGFP)nz117 line (originally obtained from Phil Crosier, University of Auckland, New Zealand). Adult fish were wounded with a sterile scalpel blade (WPI, Hitchin, UK) after being anaesthetised in MS-222 (ethyl 3-aminobenzoate; Sigma-Aldrich) and were monitored daily.
Bead implantation assay
We used Heparin-Ceramic HyperD M Hydrogel Composite beads (H0532, Sigma-Aldrich) for implantation in zebrafish larvae. The beads come in various sizes; the smaller ones (around 40 μm) were selected to implant in fish. The beads were rinsed for 5-10 minutes in 0.3% Danieau's solution five times before implantation. Larvae (48 hpf ) were anaesthetised in MS-222 and laid on an agarose dish. A puncture was made through the skin and muscle using a fine tungsten needle (World Precision Instruments). A bead was then picked with fine tweezers (World Precision Instruments) and gently pushed into the wound. More than 95% of larvae survived the anaesthetic and implantation. Migration of various cell lineages (leukocytes and pigment cells) to the wound was monitored in the hours or days following implantation. Treated larvae were either live-imaged or fixed in 4% paraformaldehyde overnight at 4°C. We also tested other types of beads to verify that the migration of pigment cells was not due to the composition of the bead itself; AG1-X beads (made of resin, from Bio-Rad) and Sephadex G-25 beads (Sigma-Aldrich) gave identical results.
Microscopy and live imaging
Still images of fish were taken using a Leica DFC320 camera attached to a Leica MZFLIII stereomicroscope. Confocal images 
